ABSTRACT A relationship between extracellular Ca
INTRODUCTION
Female domestic fowl can lay a series of fertilized eggs over the course of several weeks following a single insemination. This phenomenon is attributable to sperm ascending the hen's vagina, then entering and later emerging from the hen's sperm storage tubules (SST), which are located between the vagina and shell gland [1] . A model accounting for the mechanism of sperm storage was deduced from the behavior of motile sperm in vitro, SST histology, and SST epithelial cell ultrastructure [2] . Previously, sperm residing within the SST were deemed to be immotile [3] . However, it is more likely that residence depends upon sperm moving against a current generated by SST epithelial cells [2] . Thus, it follows that fowl sperm are motile at a body temperature of 41ЊC for an interval of days to weeks following ejaculation.
As reviewed by Ashizawa et al. [3] , extracellular Ca ϩ2 has been known to be required for fowl sperm motility since the late 1930s. Research conducted during the 1990s addressed a regulatory role for Ca ϩ2 in the context of axonemal function [3] . Although such a role may exist for vertebrate sperm in general [4] , a precise role has yet to be elucidated for fowl sperm [3] . In contrast, a Ca ϩ2 efflux was linked to energy production [2] . This conclusion was consistent with the mitochondrial Ca ϩ2 cycle [5] and the observation of Thomson and Wishart [6] , who demonstrated that fowl sperm extrude Ca ϩ2 at body temperature. The mitochondrial matrix is the most likely source because Sr ϩ2 increased intracellular Ca ϩ2 within fowl sperm [7] , and Sr ϩ2 induces Ca ϩ2 release from mitochondria [8] . Therefore, our experimental goal was to demonstrate that fowl sperm motility is dependent upon Ca ϩ2 cycling using an experimental approach that would identify key regulatory proteins.
MATERIALS AND METHODS

Experimental Animals and Reagents
Roosters characterized by high sperm mobility (n ϭ 10) were selected from a base population (n ϭ 257) as outlined by Froman et al. [9] . Roosters were housed and handled in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (1988) . Roosters were ejaculated by massage, and individual ejaculates served as the source of sperm used for replicate observations. CGP 37157, nifedipine, and KB-R7943 mesylate were purchased from Tocris Cookson, Inc. (Ellisville, MO). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Extracellular Na ϩ and Sperm Motility
Sperm concentration was measured spectrophotometrically [10] . Sperm suspensions (n ϭ 10) were prepared for computer-assisted sperm motion analysis as outlined by Froman and Feltmann [11] using each of the following media. Control sperm were incubated in 50 mM Ntris[hydroxymethyl]-methyl-2-amino-ethanesulfonic acid (TES), pH 7.4, containing 128 mM NaCl (TES-buffered saline) and 2 mM CaCl 2 . Treated sperm were incubated in either TES-buffered 128 mM LiCl containing 2 mM CaCl 2 or TES-buffered 234 mM sucrose containing 2 mM CaCl 2 . Sperm suspensions were incubated at 41ЊC as outlined by Froman and Feltmann [11] . Computer-assisted sperm motion analysis was performed [11] at 5-min intervals after the onset of incubation over an interval of 30 min. The parameters of y(x) ϭ ␣ ϩ ␤(x) were estimated for each data set by the method of least squares [12] . Hypothesis testing (e.g., ␤ control ϭ 0 or ␤ LiCl ϭ ␤ sucrose ), was based upon the principle of conditional error. In brief, a conditioned sum of squared residual errors (CSSE) was estimated by imposing the hypothetical condition on the model. An extra sums of squares F test was performed as follows:
where SSE was the sum of squared residual errors obtained unconditionally; SSH was the difference between CSSE and SSE; r was the number of independent parametric statements implied by the condition (e.g., r ϭ
FIG. 1. Effect of 2 mM Ca
ϩ2 in buffered (pH 7.4) isotonic NaCl, LiCl, or sucrose on sperm motility at body temperature. Each data point represents a mean Ϯ SEM (n ϭ 10). Solid lines denote predicted functions. Motile concentration of the NaCl control was independent of time (circles). Whereas motility was neither maintained by sucrose (triangles) nor Li ϩ (squares), the latter exerted a sparing effect.
FIG. 3. Effect of the mitochondrial Na
ϩ /Ca ϩ2 exchanger inhibitor CGP 37157 on motile concentration. Each data point represents a mean Ϯ SEM (n ϭ 10). The solid line denotes the predicted function.
FIG. 2.
Sparing effect of lithium chloride on average VSL. Each data point represents a mean Ϯ SEM (n ϭ 10). Solid lines denote predicted functions. VSL was independent of time when sperm were incubated in isotonic LiCl containing 2 mM Ca ϩ2 (squares). In contrast, VSL decreased as a function of time (P Ͻ 0.001) when sperm were incubated in isotonic sucrose containing 2 mM Ca ϩ2 (triangles).
1 for the hypothesis ␤ control ϭ 0), n was the number of observations, and p was the number of parameters within the observational model.
Inhibition of Na ϩ /Ca ϩ2 Exchangers
A 20 mM stock solution of CGP 37157, a specific inhibitor of the mitochondrial Na ϩ /Ca ϩ2 exchanger, was prepared with dimethyl sulfoxide (DMSO). A sperm cell suspension was prepared for computer-assisted sperm motion analysis as outlined above using TES-buffered saline containing 2 mM CaCl 2 as the diluent. Replicate 300-l subsamples (n ϭ 6) were placed in 12 ϫ 75 mm test tubes. A 3-l volume was removed from each subsample. This volume was replaced with DMSO containing CGP 37157 so that the set contained doses of 1, 10, 20, 40, 80, and 160 M CGP 37157 in 1% (v/v) DMSO. Computer-assisted sperm motion analysis was performed [11] after a 5-min incubation at 41ЊC. Parameters of y(x) ϭ ␣ ϩ ␤e Ϫ(x) were estimated by iterative least squares [13] . A 10 mM stock solution of KB-R7943 mesylate, an inhibitor of the reverse mode of the plasma membrane Na ϩ /Ca ϩ2 exchanger, was prepared with DMSO. Sperm from a single ejaculate (n ϭ 10 roosters) were used to prepare four sperm suspensions. One afforded preincubated control sperm. The remaining suspensions were incubated at 41ЊC for 1 h. These provided incubated control, treated, and positive control sperm. Detailed methods follow. The preincubated control was prepared by diluting sperm to 1.2 ϫ 10 6 cell/ml with 2 mM Ca ϩ2 in TES-buffered saline containing 1% (v/v) DMSO. A 300-l volume of this sperm suspension was placed in a 12 ϫ 75 mm test tube. A 10-l volume was removed and then replaced with 2 mM Ca ϩ2 in TES-buffered saline. Computer-assisted sperm motion analysis was performed as outlined above. Sperm suspensions used for the incubated control, treated, and positive control sperm were prepared as follows. A 1-ml sperm suspension containing 1.2 ϫ 10 6 cell/ml was prepared with TES-buffered saline containing 5 mM 1,2-bis-(o-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA), a high-affinity Ca ϩ2 chelator. Triplicate 300-l subsamples were placed in 12 ϫ 75 mm test tubes. A 3-l volume was removed from each tube. In the case of the two controls, this volume was replaced with a 3-l volume of DMSO. In the case of treated sperm, the volume was replaced with a 3-l volume of 10 mM KB-R7943 mesylate in DMSO, yielding a final concentration of 100 M KB-R7943. Each suspension was gently vortexed, and a 10-l volume was removed and discarded. Each of the residual 290-l sperm suspensions was incubated as outlined above. A 10-l volume of 5 mM BAPTA in TES-buffered saline was added to the incubated control immediately before computer-assisted sperm motion analysis. Likewise, a 10-l volume of 200 mM CaCl 2 was added to treated and positive control sperm before sperm motion analysis. Motile concentration was analyzed by analysis of variance (ANOVA) using a randomized complete block design [14] . The Student-Newman-Keuls test was used for a posteriori comparison among means [15] .
Voltage-gated Ca
ϩ2 Channels
The effect of nifedipine, an L-type Ca ϩ2 channel blocker, was tested at concentrations of 5, 25, 50, 100, 200, and 300 M in TES-buffered saline containing 2 mM CaCl 2 and 1% (v/v) DMSO. Computer-assisted sperm motion analysis was performed [11] after a 5-min incubation at 41ЊC. Data approximated an exponential function when plotted. Therefore, the parameters of y(x) ϭ ␣ ϩ ␤e Ϫ(x) were estimated by iterative least squares [13] .
Active Transport Inhibitors
The effects of ouabain, an inhibitor of Na ϩ /K ϩ -ATPase, and orthovanadate, an inhibitor of plasma membrane Ca ϩ2 ATPase, were tested using a randomized complete block design [14] . Control sperm were diluted in TES-buffered saline containing 2 mM CaCl 2 . Treated sperm were diluted in either 500 M ouabain or 500 M sodium orthovanadate prepared with TES-buffered saline containing 2 mM CaCl 2 . Computer-assisted sperm motion analysis was performed [11] after a 5-min incubation at 41ЊC. Data were analyzed by ANOVA [14] .
RESULTS
Motile concentration was independent of time (P Ͼ 0.05) when sperm were incubated in TES-buffered saline (Fig. 1, upper line) . In contrast, motile concentration decreased linearly as a function of time (P Ͻ 0.01) when sperm were incubated in either buffered, isotonic LiCl or sucrose containing 2 mM Ca ϩ2 (Fig.  1, lower lines) . However, the effect was not equivalent between Na ϩ -depleted media. As evidenced by predicted values after 30 min of incubation, the motile concentration of sperm incubated in LiCl was 47% of the control value compared with 3% for sucrose. Likewise, average straight line velocity (VSL) differed between treatments. Whereas average VSL was independent of time (P Ͼ 0.05) when sperm were incubated in LiCl, average VSL was dependent on time (P Ͻ 0.001) when sperm were incubated in sucrose (Fig. 2) .
In addition to Na ϩ depletion, inhibition of Na ϩ /Ca ϩ2 exchangers had a profound effect upon motile concentration. An exponential decrease in motile concentration was observed in response to CGP 37157, an inhibitor of the mitochondrial Na ϩ /Ca ϩ2 exchanger (Fig. 3) . No motile sperm were observed at doses Ͼ160 M. The concentration of DMSO used in this experiment (i.e., 1% ''v/v''), had no effect on motile concentration (P Ͼ 0.05) in a preliminary experiment (data not shown). Sperm rendered immotile by incubation with BAPTA regained motility fully in response to exogenous Ca ϩ2 (Fig. 4) . In contrast, KB-R7943, an inhibitor of the reverse mode of the Na ϩ /Ca ϩ2 exchanger, blocked this response (Fig. 4) . As shown in Figure 5 , an exponential decrease in motile concentration was observed in response to nifedipine, an L-type Ca ϩ2 channel blocker. Neither motile concentration nor VSL were affected (P Ͼ 0.05) by ouabain, an inhibitor of Na ϩ /K ϩ -ATPase, or orthovanadate, an inhibitor of Ca ϩ2 -ATPase (Table 1) .
DISCUSSION
In previous work [2] , motile concentration and average VSL were maintained for 60 min at body temperature when sperm were incubated without glucose. The experimental medium was an erythrocyte suspension prepared with buffered 128 mM NaCl containing 2 mM Ca ϩ2 [11] . Consequently, sperm motility was attributed to ␤-oxidation of fatty acids, an O 2 -dependent process. This conclusion was warranted in view of two additional experiments. First, long-chain acylcarnitine content increased and motility was fully restored when exogenous Ca ϩ2 was added to sperm gradually rendered immotile by treatment with BAPTA, a high-affinity Ca ϩ2 chelator. Second, specific inhibition of phospholipase A 2 activity rendered sperm immotile. These experimental outcomes were consistent with the knowledge that phospholipase A 2 is a Ca ϩ2 -dependent enzyme [16] . In summary, sperm motility appeared to depend upon the mitochondrial Ca ϩ2 cycle [5] . In the present work, the well-known agonist effect of extracellular Ca ϩ2 [3] was evaluated using an experimental approach relating the mitochondrial Ca ϩ2 cycle to the movement of Ca ϩ2 through the sperm cell. In this regard, we viewed measuring the effect of extracellular Na ϩ as a logical starting point due to an emerging understanding of the importance and prevalence of Na ϩ /Ca ϩ2 exchangers [17, 18] . Males categorized by high sperm mobility were used as semen donors because such males have maximal motile concentration and VSL [11] . Thus, their sperm afford maximal sensitivity when loss of function is the experimental end point. We began our work with this argument: if extracellular Ca ϩ2 does not maintain sperm motility apart from extracellular Na ϩ , then the agonist effect of Ca ϩ2 is Na ϩ -dependent. As shown by the upper line in Figure 1 , motile concentration was independent of time (P Ͼ 0.05) when sperm were incubated at body temperature in buffered 128 mM NaCl containing 2 mM Ca ϩ2 . It is noteworthy that this medium did not contain glucose and that average VSL was also independent of time (data not shown). Consequently, the control in Figure 1 represents a sperm cell population in a steady state in which 84% of the sperm were motile with an average VSL of 42 m/sec. These values are typical of males characterized by high sperm mobility [2, 11] .
In contrast, motile concentration decreased as a function of time (P Ͻ 0.01) when sperm were incubated in either buffered 128 mM LiCl or buffered 234 mM sucrose containing 2 mM Ca ϩ2 (Fig. 1) . However, the effect of Na ϩ depletion differed between media in two regards. First, as evidenced by the slopes of predicted lines (Fig. 1) , the rate at which motile concentration decreased in response to Li ϩ was approximately half that of sucrose (P Ͻ 0.01). Therefore, Li ϩ had a sparing effect on motile concentration. Second, the average VSL of sperm remaining motile in LiCl was independent of time (P Ͼ 0.05) but decreased as a function of time (P Ͻ 0.001) when sperm were incubated in sucrose (Fig. 2) . In other words, although Li ϩ and Ca ϩ2 did not maintain motile concentration, this combination of ions did maintain VSL for those sperm remaining motile. We concluded that extracellular Na ϩ was required for sperm motility in addition to extracellular Ca ϩ2 . We attributed the sparing effect of Li ϩ to the activity of the mitochondrial Na ϩ /Ca ϩ2 exchanger, which can use Li ϩ for Na ϩ [17] . This possibility was tested by using CGP 37157, a specific antagonist of the mitochondrial Na ϩ /Ca ϩ2 exchanger. As shown by Figure 3 , a dose-response was observed using micromolar concentrations of CGP 37157. Based on the predicted curve, motile concentration was inhibited 50% at a dose of 25 M. This experimental outcome prompted three related questions: 1) How does extracellular Ca ϩ2 enter the sperm cell under steady-state conditions? 2) What mediates mitochondrial uptake of Ca ϩ2 ? and 3) What mediates Ca ϩ2 efflux from the sperm cell? As illustrated in Figure 5 , a dose-response was observed with nifedipine, which blocks L-type Ca ϩ2 channels [19] . Based on the predicted curve, motile concentration was inhibited 50% at a dose of 60 M. Therefore, we concluded that extracellular Ca ϩ2 can enter fowl sperm through voltage-gated Ca ϩ2 channels in addition to NMDA channels [2] . We attributed mitochondrial uptake of Ca ϩ2 to the ubiquitous uniporter found within the inner membrane of vertebrate mitochondria [20] . Although the Ca ϩ2 uniporter is inhibited by ruthenium red [21] , this reagent is generally used with isolated mitochondria. We did not test the effect of ruthenium red for this reason.
In contrast, Ca ϩ2 efflux from the sperm cell warranted investigation. Historically, this phenomenon has been attributed to Ca ϩ2 -ATPase [6] , albeit without direct evidence. We tested the possibility that intracellular Ca ϩ2 could be exchanged for extracellular Na ϩ with KB-R7943 mesylate. However, this compound is a selective inhibitor of the Na ϩ / Ca ϩ2 exchanger's reverse mode (i.e., Ca ϩ2 influx coupled with Na ϩ efflux) [22] . Consequently, sperm were rendered immotile by incubation with BAPTA to perform the experiment. Whereas addition of excess Ca ϩ2 restored motile concentration to a value equivalent to that of the preincubated control, sperm remained immotile when treated with KB-R7943 mesylate before addition of Ca ϩ2 (Fig. 4) . Therefore, we inferred that the Na ϩ /Ca ϩ2 exchanger exists within the sperm cell's plasma membrane. Nonetheless, we tested for active transport. However, neither the Na ϩ /K ϩ -ATPase inhibitor nor the Ca ϩ2 -ATPase inhibitor had an effect on motile concentration or VSL (Table 1) .
In summary, fowl sperm motility is dependent, in part, upon Ca ϩ2 cycling through the mitochondria, and this phenomenon is driven by extracellular Na ϩ . This realization is significant because the mitochondrial Ca ϩ2 cycle constitutes a control point for mitochondrial energy production [21] . This fact, in turn, may be applicable to semen preservation. In other words, maintaining mitochondrial function may be a better goal than maximizing postthaw motility. This goal might be achieved by regulating ion fluxes. Based upon the exchange of three Na ϩ ions for one Ca ϩ2 ion at the level of the plasma membrane [17] , we propose that the forward mode of the Na ϩ /Ca ϩ2 exchanger enables Ca ϩ2 efflux but also serves to depolarize the plasma membrane, thereby opening voltage-gated Ca ϩ2 channels. We attribute Na ϩ efflux from mitochondria to Na ϩ /H ϩ exchanger 6 [23] and Na ϩ efflux from fowl sperm cells to the reverse mode of either an Na ϩ /H ϩ exchanger [24] or the Na ϩ /Ca ϩ2 exchanger [17] . Thus, fowl sperm appear to conserve ATP by moving neither Na ϩ nor Ca ϩ2 by active transport. In conclusion, a broader understanding of how ion fluxes control fowl sperm motility awaits the knowledge of protein expression and spatial distribution as illustrated by recent work with sea urchin and mammalian sperm [25] [26] [27] . Nonetheless, our work represents the first comprehensive assessment of proteins that regulate fowl sperm motility by mediating ion fluxes.
